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Theoretical  " Invest igat ion of the  Absorption  and  Scattering 

Character is t ics   of  Small P a r t i c l e s  

SUMMARY 

A theore t ica l   inves t iga t ion  was conducted t o  determine  the  absorption, 
sca t te r ing ,   and   ex t inc t ion   charac te r i s t ics  of small so l id   sphe r i ca l   pa r t i c l e s  which 
might  be employed as seeding  agents   to   control   radiant   heat   t ransfer   in   gaseous 
nuclear  rocket  engines.  The ca lcu la t ions  were made using  the Mie theo ry   t o   de t e r -  
mine the   e f f ec t  of p a r t i c l e   s i z e ,  wavelength,  and par t ic le   temperature  on p a r t i c l e  
opaci ty   in   those  regions of the   u l t rav io le t ,   v i s ib le ,   and   in f ra red   spec t ra   for  
which complex index  of  refraction  information was ava i l ab le ,  The following mate- 
r ia l s  were  considered: aluminum, carbon,  cobalt, i r i d i u m ,  molybdenum, niobium, 
palladium,  platinum,  rhenium,  rhodium, si l icon,  tantalum,  t i tanium,  tungsten,   and 
vanadium. 



INTRODUCTION 

me  absorp t ion   and   sca t te r ing  of electromagnetic  radiation  by small (0.01~ 
t o  1.0 radii) l i q u i d  or s o l i d   p a r t i c l e s  i s  of  fundamental  interest as wel l  as 
being of i n t e r e s t   i n  numerous p rac t i ca l   r ad ia t ion   hea t  transfer problems involving 
advanced  rocket  concepts. For example, in  various  gaseous  core  nucleas  rocket 
concepts  (such as the  concept of Ref. l), energy i s  genera ted   by   nuc lear   f i s s ion   in  
a cen t r a l  plasma  core and t ransfer red   by   thermal   rad ia t ion   to  a surrounding  pro- 
pe l l an t  such as hydrogen. The propel lant  must be   suf f ic ien t ly  opaque to   permi t  ab- 
sorpt ion of t h i s   e n e r g y   i n   t h e   t h r u s t  chamber and to   p reven t  damage of the  rocket  
w a l l s  by  excessive  radiative  heat  transfer.  However, hydrogen  below a temperature 
of  approximately 6000 K (10,800 R )  at high  pressure (1000 a t m )  i s  e s s e n t i a l l y  
transparent  to  thermal  radiation  (Ref,  2);  thus,  the  need  for  "seeding"  hydrogen 
propel lant  w i t h  opaque mater ia ls  i s  evident at temperatures up t o  about 6000 K. 
Addi t ional   propel lant   opaci ty  might  be  obtained  by  the  addition t o  hydrogen  of high 
melting-  and  boil ing-point  temperature  solids  or  l iquids  in  the form of small par-  
t i c l e s .  

The spec t ra l   opac i ty   charac te r i s t ics  of s m a l l  s o l i d  carbon,  hafnium  carbide, 
aluminum oxide  and  tungsten  particles  dispersed  in  water  (Ref,  3 )  and  of small 
s o l i d  carbon and tungs ten   par t ic les   d i spersed   in   n i t rogen  and helium  (Ref. 4) have 
been  experimentally measured. In  addition,  experiments  have been  conducted t o  
determine  the amount of energy  which  can  be t r ans fe r r ed  by  thermal  radiation  from a 
plasma heated  by an e l e c t r i c   a r c   t o  air seeded  with  carbon  particles  (Ref. 5).  To 
date, however, no ex tens ive   theore t ica l   ana lys i s  of the  opaci ty  of small absorbing 
p a r t i c l e s   f o r   u s e  as possible  propellant  seeding  agents  in  the  gaseous  core  nuclear 
rocket  concept  has been made. Such opaci ty   calculat ions are requ i r ed   i n   o rde r   t o  
permit   the   calculat ion  of   the  radiat ive  t ransfer  of thermal  energy t o  and  through 
the  seeded hydrogen propellant  region. 

The primary  objective of t he  work described  herein was t h e   c d c u l a t i o n  of t he  
theoret ical   ext inct ion,   absorpt ion and scat ter ing  parameters  of small p a r t i c l e s  
us ing   the  Mie theory of Ref. 6. 
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CONCLUSIONS 

1. m e r e  i s  no s ignif icant   dif ference  in   the  opaci ty   of   tungsten,  rhenium 
and  tantalum  par t ic les  at a wavelength  of 0.579 ,LL . (These three  mater ia ls ,  
of t h e   f i f t e e n  materials i n v e s t i g a t e d   i n   t h i s   r e p o r t ,  are of g rea t e s t   i n -  
t e r e s t   f o r   u s e  as particle  seeds  in  gaseous  nuclear  rocket  engines  because 
of t he i r   h igh   bo i l i ng   po in t s  (5565 t o  5915 K o r  10,017 t o  10,647 R ) ,  high 
melting  points (3270 t o  3650.~ o r  5886 t o  6570 R ) ,  and  lack of r e a c t i v i t y  
with  hydrogen). 

2. Molybdenum, niobium, and  iridium  provide  approximately  the same opaci ty  
as tungsten, rhenium,  and  tantalum,  but  have  melting  points  and  boiling 
points  approximately 500 K lower  than  those  for  tungsten,  rhenium  and 
tantalum. 

3. Pa r t i c l e s  made of graphi te   and  s i l icon have higher   opaci t ies   than  those 
made from  any other   mater ia ls   invest igated.  However, these   mater ia l s   a re  
no t   p rac t i ca l   fo r   u se  as seeds  in  gaseous  nuclear  rockets  because  carbon 
reacts   readi ly   with hydrogen  and  because s i l i con   mel t s   and   bo i l s  at r e l a -  
t i v e l y  low temperatures (1683 and 2890 K, respect ively) .  

4. The opaci ty  of so l id   tungs ten   par t ic les  i s  approximately  independent of 
temperature. 

5. The opacity of a p a r t i c l e   p e r   u n i t  mass i s  approximately  inversely  pro- 
p o r t i o n a l   t o   t h e  mass densi ty  of the  par t ic le   or   the   a tomic  weight  of the  
p a r t i c l e  material. 
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EXTINCTION OF RADIATION BY S m  PARTICLES 

A penci l  of e lectromagnet ic   radiat ion  incident  upon a nzaterial is ,  in   genera l ,  
a t t e n u a t e d ;   t h e   t o t a l i t y  of processes  by which attenuation  occurs  being  termed ex- 
t inction  (Refs.  7 and 8). In  the  present   s tudy,   ext inct ion i s  cons idered   to   cons is t  
of two processes,   absorption  and  scattering, When the  vibrat ing  e lectromagnet ic  
f i e l d  of the   inc ident  beam impinges on the  material, the   e lec t r ic   charges   wi th in  
the  body a r e   f o r c e d   t o   o s c i l l a t e ,  The osc i l l a t ions ,  however, a r e   n o t   s t r i c t l y   h a r -  
monic b u t   a r e   s u b j e c t   t o   r e s i s t i v e   f o r c e s  which d i s s ipa t e  a p a r t  of the   inc ident  
energy   in  some other  form  such as heat .  The dissipated  energy no longer   appears   in  
the   inc ident  beam and i s  said t o  be  absorbed. Those charges  near  the  surface of 
the   mater ia l   re rad ia te  a p a r t  of  the  energy which g i v e   r i s e   t o  a r e f l ec t ed  beam at 
some angle   to   the   inc ident  beam. Because the   ve loc i ty  of propagation of the  energy 
wi th in   the  medium i s  d i f f e ren t  from t h a t  in  the  surroundings,   the  incident beam i s  
refracted  (changes  direction).  For s u f f i c i e n t l y  smElll p a r t i c l e s  of  material   dif-  
f r ac t ion   e f f ec t s   a r e  a l so  evidenced. The combination  of r e f l ec t ion ,   r e f r ac t ion  and 
d i f f r ac t ion   g ive   r i s e   t o   s ca t t e r ed   r ad ia t ion .  

The f r ac t iond   dec rease   i n   t he   i nc iden t  beam, I/Io, due to absorpt ion and 
s c a t t e r i n g   i n  a length,  L , o f  mater ia l  i s  given by: 

where Io i s  the  incident   intensi ty;  I , t h e   i n t e n s i t y   a f t e r   t h e  beam t r ave r ses  a 
length,  L , of material;  0 0  , the   absorpt ion  cross-sect ion .; os t he   s ca t t e r ing  
cross-section;  and Ni, the  number of absorbing  and  scattering  centers.  

The absorption and scattering  cross-sections,   and us , a r e  complex func- 
t i ons  of t he   pa r t i c l e   s i ze ,   t he  wavelength of the   rad ia t ion ,   and   the   re f rac t ive   in -  
dex  of the  par t ic le   ( the  refract ive  index i s  usually  wavelength  dependent).  In 
general ,   the  refractive  index, N , may be  mathematically  expressed as: 

N =  n - i k  

where n i s  the   r ea l   pa r t  of the  refract ive  index  and k i s  the  imaginary  part. 
For bulk  mater ia ls  k is proport ional   to   the  absorpt ion  cross-sect ion.   In   t rans-  
parent   mater ia ls  k and hence q, are   zero  and no absorpt ion  occurs .   me  inten-  
s i t i e s  of r e f l ec t ed  and r e f r ac t ed  waves a re   p ropor t iona l   to  IN1 , thus   sca t te r ing  
t akes   p l ace   t o  some extent  f o r  both  absorbing and non-absorbing mterids. 
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The ex t inc t ion  of rad ia t ion  by small s o l i d   p a r t i c l e s  embedded i n  a continuous 
matrix may be  analyzed  by  the  solution of Mawell 's   electromagnetic  equations w i t h  
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adequate  boundary  conditions  included. The general   solut ion of the  case of a plane 
wave incident  upon a homogeneous sphere of refract ive  index NI i n  a medium of re- 
f rac t ive   index  N2 w a s  formally  solved by Mie (Ref. 6 ) .  Since  excellent  treatments 
of the Mie s o l u t i o n   a r e   a v a i l a b l e   i n   r e c e n t   l i t e r a t u r e  (Refs. 9 and 10) a complete 
der ivat ion w i l l  not   be   included  in   the  present   report .  The bas i c   me   equa t ions ,  
and a transformation of these   equat ions   to  a form s u i t a b l e   f o r  machine calculat ions 
by  the method of Ref. 11, a r e   p r e s e n t e d   i n   d e t a i l   i n  Appendix I. 

The transformed Mie equations were programmed f o r  an I B M  7094 Computer. The 
mchine  program w a s  used t o   e v a l u a t e   a n a l y t i c a l l y   t h e   e f f e c t  of wavelength  of t he  
inc ident   rad ia t ion ,   par t ic le   s ize   ( rad ius)  and,  where su f f i c i en t  data were ava i la -  
ble,  temperature, on the  opacity  parameters of small spherically  symmetrical con- 
densed  systems. A l l  p a r t i c l e s  were  assumed t o  be embedded i n  a homogeneous matrix 
having a refract ive  index of uni ty .  

In   o rde r   t o   a s ses s   t he  machine  program r e l i a b i l i t y ,  numerous prel iminary  cal-  
culat ions were  performed f o r  known cases.   Results of a typ ica l  tes t  ca lcu la t ion  
a r e   i l l u s t r a t e d  i n  Fig.  1, i n  which the   ex t inc t ion   e f f ic iency   fac tor ,  Qe , i s  
plotted  against   the  size  parameter,  a . The ef f ic iency   fac tor ,  Q e ,  i s  t h e   r a t i o  
of the   ex t inc t ion   c ross -sec t ion   in   cm2/par t ic le   to   the   p ro jec ted   geometr ica l   a rea  
of a sphere of radius R (area=.rrR ). The size  parameter Q i s  p ropor t iona l   t o   t he  
r a t i o  of t h e   p a t i c l e  radius  t o   t h e  wavelength of the   inc ident   l igh t   ( see  Appendix 
I).  Also ind ica ted   (c i rc led   po in ts )   a re   the   theore t ica l  magnitude  of Qe at va r i -  
ous values  of Q as repor ted   in  Refs. 12 and 13. The agreement  between the  values 
of Q e  reported  in  Refs.  12 and 1 3  and UACRL calculat ions i s  qui te   sa t i s fac tory .  

2 

MATERIAL PROPERTIES 

The pr inc ipa l   p roper t ies   to   be   cons idered   in   se lec t ing   prospec t ive   mater ia l s ,  
e i ther   e lementa l   o r   in  compound form, as possible  seeding  agents  are:  non- 
react ivi ty   with  high-temperature  hydrogen;  high  melting- o r  boil ing-point tem- 
perature;   and  high  opaci ty   per   uni t  mass. An analys is  of the  compatibil i ty  of  the 
various  high-melting-temperature,  high-boiling-temperature  elements  and compounds 
with  hot hydrogen i s  g iven   in  Ref. 14. The r e s u l t s  of t he   ana lys i s  of titanium  and 
zirconium  carbides,   nitr ides,   and  oxides  described  in Ref. 14 i nd ica t e   t ha t  com- 
pounds o f f e r   r e l a t i v e l y   l i t t l e  advantage w i t h  respect  to  useful  temperature  range 
over  the  elemental   metals  in  the  presence of hydrogen. A s  a consequence, i n i t i a l  
se lec t ion  of possible  seeding  agents was r e s t r i c t e d   i n   t h e   p r e s e n t   s t u d y   t o   t h e  
chemical  elements  (tungsten,  carbon,  etc.)  subject t o   t h e   a v a i l a b i l i t y  of r equ i s i t e  
refract ive  index data. 
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weight  percentage  of  typical  elements  in  condensed states ( so l id   and   l i qu id )  from 
Ref. 14 i s  i l l u s t r a t e d  i n  Fig. 3. 

Because  of the   l ack   of   requis i te   re f rac t ive   index  data requ i r ed   i n   t he  Mie 
analysis ,  a number of excellent  high-temperature materials (e.g.,  hafnium  and os- 
m i u m )  i nd ica t ed   i n   F ig .  2 were not  studied.  Conversely,  refractive  index data f o r  
a number of r e l a t i v e l y  low melting- o r  boil ing-point  temperature materials (e.g., 
aluminum and  cobal t )  are r eco rded   i n   t he   cu r ren t   l i t e r a tu re .  These materials were 
included  in   the  analysis   to   provide  suff ic ient   opaci ty   parameter  data i n  an e f f o r t  
t o   a s c e r t a i n  any  possible   t rends  in   these  var iables  as funct ions of melting- o r  
boiling-point  temperatures,  density and atomic  weight. A l i s t  of t he  materials 
s tudied   and   the i r   per t inent   phys ica l   p roper t ies  i s  presented  in   Table  I. 

Where su f f i c i en t  data were ava i lab le ,   the   rea l   and   imaginary   par t s  ( n and k ), 
of the   re f rac t ive   index  are plot ted  against   the   wavelength  of   the  incident  radia- 
t ion .  These data are g r a p h i c a l l y   i l l u s t r a t e d   f o r  aluminum, carbon, cobalt ,  iridium, 
molybdenum, palladium,  platinum,  silicon, titanium, and  tungsten  in   Figs .  4 through 
13. The circled.points   represent   the  wavelengths   for  which data are r e p o r t e d   i n  
the  l i terature   (References are noted on the   f i gu res )   and   fo r  which t h e  Mie calcula-  
t i o n s  were made. For  niobium,  rhenium, rhodium, tantalum,  and vanadium, the  re- 
f r ac t ive   i nd ices   a r e   r epor t ed   fo r   on ly  a few wavelengths.  These data and  the  cor- 
r e spond ing   r e fe rences   a r e   l i s t ed   i n  Table 11. 

RESULTS OF THEORETICAL STUDY 

Effect  of Wavelength, Par t ic le   S ize ,  
and  Temperature on the  Opacity  Parameters 

The e f f e c t  of wavelength on the  extinction  and  absorption  parameters of 
spherically  symmetrical aluminum, carbon,  cobalt,  iridium, molybdenum, palladium, 
platinum,  si l icon, titanium, and  tungsten  par t ic les  i s  graphica l ly   depic ted   in  
Figs. 14 through 25. All of t h e  data a r e  shown f o r  a temperature  of  approximately 
300 K (540 R )  with  three  exceptions:  the  carbon data in   F ig .  15 a r e   f o r  a tempera- 
t u r e  of 2250 K (4050 R), and  the  tungsten data i n  Figs. 24  and 25 are for tempera- 
t u r e s  of 1100 K (1980 R )  and 1600 K (2880 R ) ,  respect ively.  The extinction  and  ab- 
sorpt ion  parameters   for  a number of p a r t i c l e   r a d i i  (from 0.01 p t o  1.0 p ) are 
indicated  in   each  f igure.  Values of the   sca t te r ing   parameters   a re   no t   p resented   in  
the   f igures .  However, t h i s   q u a n t i t y  i s  equa l   t o   t he   d i f f e rence  between the   ex t inc-  
t i o n  and absorption  parameters at any  given  wavelength f o r  a spec i f i ed   pa r t i c l e  
s ize .  

A typical  variation  with  wavelength of the   ex t inc t ion  and absorption  cross- 
sect ions  in   cm2/part ic le   ( the  parameters   expressed  in   c&/part ic le   effect ively 
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remove the  dependence  of these   quant i t ies  on t h e   p a r t i c l e  mass -- see Appendix I) 
i s  i l l u s t r a t e d   i n   F i g .  26 fo r   t ungs t en   pa r t i c l e s  at 298 K (536 €3). Similar  curves 
may be obtained  for   the  other   species   s tudied  f rom  the  plot ted data since 0 = bpv 
where b i s  the  absorpt ion or ext inct ion  parameter   in  cm /gm, p the  mass densi ty  
and V the p a r t i c l e  volume. 

2 

A number of t rends are evident upon exandnation  of  Figs. 14 through 26. With 
re ference   to   F ig .  26, at very small p a r t i c l e   s i z e s  (R 0.01 p 1 t he   s ca t t e r ing  
cross-section i s  negl ig ib le  and absorption  predominates.  Extinction, i n   g e n e r a l ,  
i nc reases   fo r   i nc reased   pa r t i c l e   s i ze ,  as does  absorpt.ion. The re la t ive   cont r ibu-  
t i o n  of s c a t t e r i n g   t o   e x t i n c t i o n ,  however, increases  at t h e  expense  of absorption 
with an increase   in   par t ic le   s ize .   In   addi t ion ,  it should be noted   tha t .   the  de- 
pendence  of the  cross-sections on wavelength i s  less pronounced for l u g e   p a r t i c l e  
s i zes  (0.5 t o  1.0 p ). In  Figs.  14 through  25 slmilar t rends  are observed, how- 
ever ,   the   e f fec t   o f   increased   par t ic le  mass associated  with an increase   in   rad ius  
t e n d s   t o  make l a rge r   pa r t i c l e s   l e s s   e f f i c i en t   abso rbe r s   and   s ca t t e r e r s  of rad ia t ion  
on a weight basis. 

Mie calculat ions were a l s o  made f o r  niobium,  rhenium,  rhodium, tantalum,  and 
vanadium p a r t i c l e s  at 298 K (536 R )  at selected  wavelengths.   Limited  availabil i ty 
of refract ive  index data precluded a more thorough  investigation  of  these  materials. 
A summary of the  refract ive  index data and  calculated  opacity  parameters  for par- 
t i c l e s  of r a d i u s  0.01, 0.05, 0.10, 0.50, and 1.0 p i s  presented  in  Table 11. 

Typical examples  of the   var ia t ion  of the  extinction  and  absorption  parameters , 

w i t h  p a r t i c l e   s i z e   a r e   i l l u s t r a t e d   i n   F i g .  27 f o r  aluminum at 298 K (536 R), i n  
Fig.  28 f o r  carbon at 2250 K (4050 R ) ,  and i n  Fig. 29 for   p la t inum at 298 K (536 R) 
at wavelengths  between 0.4 and 2.0 ,U . Similar  data for   tungsten at 298 K (536 R ) ,  
1100 K (1980 R), and 1600 K (2880 R) are   p resented   in   F igs .  30, 31, and 32 f o r   t h e  
same wavelengths. A s  in   p rev ious   f igures ,   sca t te r ing   parameters   a re   no t   expl ic i t ly  
exhibi ted b u t  may be  readi ly   inferred.  

With re ference   to   F igs .  27 through  32 i n  which opaci ty   parameters   are   plot ted 
aga ins t   pa r t i c l e   r ad ius ,  all the  curves  exhibit  ~Fmilar behavior   in   tha t   bo th  
opaci ty   parameters   increase  with  increasing  par t ic le   s lze  at small radii, but de- 
crease w i t h  increas ing   par t ic le   s ize  at l a rge  radii. The maximum in   t he   cu rves  
s h i f t s  toward  longer radii and  simultaneously  broadens as t h e  wavelength i s  in-  
creased. A s  ind ica ted   in   the   p rev ious   f igures   (F igs .  14 through  25),  absorption 
predominates fo r   ve ry  small p a r t i c l e s  (R N 0.01 p ) and  gives way t o   s c a t t e r i n g  
f o r   l a r g e r   p a r t i c l e   s i z e s .  

Refractive  index data at more than one temperature were ava i l ab le   on ly   fo r  
tungsten. The opacity  parameters of 0.1 p - radius   tungsten  par t ic les  are p l o t t e d  
as a funct ion of temperature i n  Fig. 33 f o r   t h r e e  wavelengths: 0.4, 1.0, and 2.0 , 
The e f f e c t  of temperature on refract ive  index shown i n  Fig. 13 l e a d s   t o  a s i g n i f i -  
cant  effect   of  temperature on absorption and s c a t t e r i n g   i n   F i g .  33 only f o r  a 
wavelength  of 2.0 p . 
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Comparison of  Opacity  of  Seeds 
Made of  Different Materials 

Pa r t i c l e s  which do not combine chemically  with  hydrogen will be   e f f ec t ive   i n  
cont ro l l ing  radiant h e a t   t r a n s f e r   i n  gaseous  nuclear  rocket  engines at l e a s t  up t o  
the  temperature at which t h e   p a r t i c l e s  melt, and  probably  up t o  the  temperature 
approaching  that at which the   pa r t i c l e s   vapor i ze  (no  information i s  ava i lab le  on 
the   r e l a t ive   opac i t i e s  of l i q u i d   a n d   s o l i d   p a r t i c l e s  made of t he  same mater ia l ) .  
The e f f e c t  of par t ic le   mel t ing   po in t  on absorpt ion  parameter   for  a wavelength of 
approximately  0.58  microns i s  shown i n   F i g ,  34 f o r  all materials  considered i n  the  
preceding  sections  except  si l icon. Although the  highest   absorpt ion  coeff ic ients  
ca l cu la t ed   i n   t he  program  were obtained  using  s i l icon (compare data in   F ig .  21 with 
corresponding data for   o ther   mater ia l s ) ,  no  iMormation was ava i lab le  which  would 
permit   calculat ion of the  absorpt ion  parameter   for   s i l icon  for   wavelengths   higher  
than 0.25 microns. However, the  melting  point of s i l i c o n  i s  su f f i c i en t ly  low 
(1683 K o r  2829 R) t h a t  it i s  not a. promising  material   for  use as a seed  in  gaseous 
nuclear  rockets.  

The supe r io r i ty  of  carbon pa r t i c l e s   i n   t e rms  of both  absorption  parameter  and 
melt ing-point   temperature   indicated  in   Fig.  34 i s  misleading f o r  two reasons. 
F i r s t ,  carbon  sublimes at a temperature   less   than i t s  melting-point  temperature. 
Second, it i s  shown i n  Ref. 14 tha t  graphi te  combines readi ly   with hydrogen at high 
temperatures t o  form various  hydrocarbon  gases,  Therefore,  graphite i s  not  usable 
as a seed  material. i n  gaseous  nuclear  rocket  engines. 

Of the  remaining  materials  investigated,   tungsten  has  the  highest   melting 
point  (3650 K or  6570 R), although  the  melting  point of both rhenium  and  tantalum 
are   wi th in  400 K of the  melting  point of tungsten. The absorp3ion  parameter for 
tungsten, rhenium,  and  tantalum  are   'not   suff ic ient ly   different   to   be a major f a c t o r  
i n  the  choice of one of these  materials  over  the  other.  However, t h e   s c a r c i t y  of 
rhenium makes t h i s  mater ia l  an unl ikely  prospect  for use as a seed  in  gaseous nu- 
c lear   rockets .  Use of the  next  highest   melting  point  materials (molybdenum, 
niobium,  and iridium) would r e s u l t   i n  a T'urther reduct ion  in   mel t ing  point   of   ap-  
proximately 500 K fmrn that for tantalum. 

Data on absorption pa.run.?-,';I?,- fo.? all mater ia l s   except   s i l i con   a re   p lo t ted  as 
a f i n c t i o n  of bo i l ing  p.:ir"t ir, 3 . c e  35. The h ighes t   bo i l ing   po in t  i s  t h a t  f o r  
rhenium (5915 K o r  j.0,650 H I ,  but, the -boilj.ng point  of both tantalum and tungsten 
fall within 400 K of the  boi l ing  point  of rhenium. Use  of e i t h e r  niobium o r  
molybdenum in   p l ace  of tantalum o r  tungsten would r e s u l t   i n  a r educ t ion   i n   bo i l i ng  
point  of  approximately 500 X. 

The absorption  parmneter &t a mvelengti? of approximately 0.58 microns i s  
p l o t t e d  as a funct ion of mass dens i ty   in   F ig .  36 and as a funct ion of atomic  weight 
i n  Fig,  37. Except f o r  aluminum, most of t he  data ind ica te   tha t   absorp t ion  param- 
e t e r  i s  approximately  inversely  pl.oporLional t o   e i t h e r  mass densi ty  or atomic  weight, 
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LIST OF SYMBOLS 

ar 

ba 

be 

i 

.Me  coeff ic ient ,   d imensionless  

Me  coeff ic ient ,   d imensionless  

Absorption  parameter, cm2 

Extinction  parameter, cm2 gm-I 

Scatter  parameter,  cm2 gm-1 

Spherical  Hankel funct ion of the  second  kind 

Circular   half-order  Hankel function 

Imaginary u n i t  = ,/T 

I In tens i ty   a f t e r   i nc iden t  beam t raverses  a length,  L , 
of mater ia l ,   erg cm-2 sec-1 

IO I n i t i a l   i n c i d e n t  beam in t ens i ty ,   e rg  cm-2 sec-1 

i r (  Spherical   Bessel   f inct ion 

Jr++( Circular  half-order  Bessel  function 

k Imaginary p a r t  of the  refractive  index,  dimensionless 

L Path  length,  cm 

n Real p a r t  of the  refractive  index,  dimensionless 

N Relative  refractive  index,  dimensionless 

NI Refractive  index  of  the  particle,  dimensionless 

N2 Refractive  index of the  medium, dimensionless 

N i  Number density  of  absorbing and sca t te r ing   cen ters ,  cm-3 

pi Par t ia l   p ressure  of species  i, a t m  

pt Total  pressure,  a t m  



LIST OF SYMBOLS 
(Cont . ) 

Extinction  efficiency factor = Ce/TR , dimensionless 

Particle  radius, microns 

Absolute  temperature,  deg K 

Particle  volume,  cm3 

Atomic  weight,  dimensionless 

Weight  percentage of species C in condensed  phases,  dimensionless 

Atomic  number,  dimensionless 

Size  parameter = 2 7 r R / \ ,  dimensionless 

Wavelength of incident  radiation,  microns 

Mass density, gm cm-3 

Absorption  cross-section, cm2 particle-I 

Extinction  cross-section,  cm2  particle-1 

Scatter  cross-section, m* particle-1 

Wave  number of incident  radiation, cm-l 

2 
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APPENDIX I 

ANALYTICAL PROCEDURE  FOR ESTIWTING TRE OPACITY 
OF SWU SPRERICAL  PARTICLES 

Mie Theory 

The bas ic  Mie equat ions  for   the  ext inct ion,   scat ter ing,   and  absorpt ion cross- 
sec t ions  of small spherical  systems  are  (Refs. 9 and 10 ): 

where R i s  the   pa r t i c l e   r ad ius ;  a , a size  parameter;  and a, and b, , t h e   f i e  
coef f ic ien ts .  The symbol " Re" denotes   the   rea l   par t  of! a complex number. 

??le non-dimensional size  parameter a , i s  defined by: 

where x i s  the  wavelength of the  incident  radiation  and w i s  the   rec iproca l  of x 
or  the  wave number, 

The  Mie coef f ic ien ts   a re   ana ly t ica l ly   represented  by: 



where N i s  the   re f rac t ive   index   of   the   par t ic le ,  NI , r e l a t i v e   t o   t h a t  of t h e  
medium, N2 ; j, ( ), a spherical   Bessel   funct ion;  and hj2'( ), a spher ica l  Hankel 
function of the  second  kind. The primes on the  brackets   denote   different ia t ion 
wi th   respec t   to   the  argument of the  Bessel   funct ion  within  the  bracket :  

Note tha t   t he   r e l a t ive   r e f r ac t ive   i ndex  may be a complex number. 

The preceding  set  of equations  represent a summary of Miel s formal s o l u t i o n   t o  
the  problem. Use of these  equations is ,  in   genera l ,  a formidable  and  teijious  task. 
Further  complications  arise i f  the   re la t ive   re f rac t ive   index  N i s  complex s ince 
extensive  tables  of spherical   Bessel   funct ions  with complex arguments are   not  
avai lable .  Although  approximate  solutions  for  highly  specialized  conditions  are 
r eco rded   i n   t he   l i t e r a tu re ,   t hese   a r e   no t   app l i cab le   t o   t hose  systems  with complex 
re f rac t ive   ind ices .  An excel lent   t ransformation  procedure,   faci l i ta t ing computa- 
t ion ,  i s  descr ibed   in  Ref. 11 and i s  presented  in   the  fol lowing  sect ions.  

Transformation  of  the Mie Equations 
by the  Logarithmic  Derivative Method 

According t o  Ref. 11 , Eqs. (1-5) and (1-6) may be  transformed t o  a new s e t   i n  
terms  of  logarithmic  derivative  functions. For a r b i t r a r y  argument X , two new 
functions  are  defined: 

& ( X )  - d x  In [ x  h,'2'.( x ) ]  

Upon subs t i tu t ion  of  Eqs. (1-8) and (1-9 ) i n t o  Eqs. (1-5) and (1-6) one obtains:  

(1-10) 



(1-11) 

Since Q i s  always a r e a l   q u a n t i t y   t h e   r a t i o  jr ( d / h r  (a) may be  evaluated  with 
t h e   a i d  of s tandard  spherical   Bessel   funct ions  tables  or wi th   t he   a id  of standard 
recursion  formulas. The recursion  formulas are mathematically  defined as follows: 

(2) 

The spher ica l  Bessel and H a n k e l  funct ions may be  descr ibed  in   terms of t he  
half-order   c i rcular   Bessel   and Hankel functions.  These are: 

where Jr++(a) and Hr++ ( a )  are   the  half-order   funct ions.  Jr++ ((2) 

and 

( 2 )  

( 2 ) ~  (Q) 
a re   i n   t u rn   de f ined  by the  following  recursion  equations: 

Hr +a 

where 

(1-12) 

(1-13 

(1-14) 

(1-16) 



Subs t i tu t ion  of Eqs, (1-14) and (1-15) i n t o  Eqs. (1-12) and (1-13) respec t ive ly  
gives   the  required  recursion formulas f o r  j , ( d  and h,'2'(d : 

(1-20) 

(1-21) 

The quant i t ies  pr(Q) , ur((a) , and ~ , . ( N Q )  are   readi ly   evaluated  by means of 
the   fo l lowing   a l te rna te  forms of Eqs. (1-8) and (1-9  ): 

(1-22) 

(1-24) 

where uo ( N Q )  = COT ( N a )  (1-25 1 

If the   re la t ive   re f rac t ive   index  i s  a complex quantity,   then Eq. (1-25) becomes 

uo ( N Q )  = C O T ( n - i k ) a  (1-26 ) 
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where N n - i k  (1-27 ) 

The preceding  equations  were  used t o  develop a machine  program  which w a r d  
allow  calculation  of u,, , ue , and us i n  cm2 par t ic1e- l  as a function of material, 
wavelength o r  wave number, index of re f rac t ion  and par t i c l e   r ad ius .  The mass 
densi ty  of the   mater ia l  was a l so  input ted as p a r t  of the  program t o  allow  deter-  
mination of the  opacity  parameters b, , be , and b, i n  an2 grn'l. The opaci ty  
parameters  are  given  by: 

(1-28) 

where p i s  the mass densi ty  and v i s  the  volume of t he   sphe r i ca l   pa r t i c l e  of 
radius R . 



Seed 
Material Symbol 

Aluminum 

Tungsten W 
T i t a n i u m  I T i  
Tantalum Ta 
S i l icon  ' S i  
Rhodium ' Rh 
Rhenium Re 

I P t  Platinum 
Pd Palladium 
Nb Niobium 
Mo Molybdenum 
Ir Iridium 
co Cobalt 
C Carbon 
A l  

Vanadium ~ V 
I 

TABLE I 

PFiYSICAL  PROPERTIES OF ELEMENTS CONSIDERXD IN TIE MIE CALCUUTIONS 

Data from Refs. 15 and 16 

(S - Sublimes) 

Melting-Point 
Temperature 

Deg K Deg R 

932 1668 
4200-s 

5202 2890 
4909 27rl 
3182  1768 
75604 

3677 2043 
3281 1823 
4986 2770 

3453 
2239 1 4030 

6215 

1683 1 3029 

1963 ' 3533 
3270  5886 

3650  6570 
I 

Boiling-Point 
Tempe 

Deg K 

2621 

2528 

5100 

3385 

- 

4450 

5115 

3980 
5915 

a tu re  
Deg R 

4718 
- 

4550 
8010 
9180 
9207 
6093 
7164 
10647 

3273 ' 5891 

Mas s 
Density 

q/m3 l b / f t3  

2.70 168 
2.00 125 
8.90 555 
22.40 1398 
10.20 636 
8.55 534 

21.45  1338 
11.97 747 

20.53 1281 
12.4 774 

n,k, be, f?4 bo Wavelength 
Atomic 

P or Tables Weight 
Range Studied Data in  Figures  

27.0 

0.25 t o  4.0 10, 20,  29 195.1 
0.302 to 0.578 9,  19 106.4 

0.579 I1 92.9 
0.248 t o  0.577 8,  18 96.0 
0.579 t o  4.60 7,  17  192.2 
0.231 t o  2.25 6,  16 58.9 
0.40 t o  4.0 5,  15,  28 .12.0 
0.222 t o  6.0 4,  14,  27 

102.9 , I1 I 0.546, 0.579, 0.660 
186.2  0.436,  0.589 I1 

28.1 
181.0 
47.9 

I 
J- 

11, 21 ! 0.0855 to.0.248 

12, 22 0.436 to 0.650 
I1 I 0.578 

13,  23,  24,  25, ' 0.4 t o  4.0 
30,  31, 32, 33 , 

I1 0.579 



TABLE I1 

SUBSIDIARY OPACITY  PARAMETER  RESULTS 

Data from  Ref. 17 
T = 298 K (536 R )  

Eleme: 

Niobiu 

Rheniu 

Rhodiu 

Symbol 

Nb 

Re 

~ 

Rh 

Ta  

. ". . . - 

.~ ~ . ~~ 

Refractive 
IndIex 

x-" 
1.80 2.11 

~~ .~ -. ~ .. 

2.62  2.97 

3.18 3.55 

1.62  4.63 

. ~~ -~ 

1.54  4.67 

1.81 5.32 

2.05 2.32 

~ ~ 

Radiu 
R 

tL 
0.01 
0.05 
0.10 
0.50 
1.00 
0.01 
0.05 
0.10 
0.50 
1.00 
0.01 
0.05 
0.10 
0.50 
1.00 
0.01 
0.05 
0.10 
0.50 
1.00 
0.01 
0.05 
0.10 
0.5C 
1.00 
0.01 
0.05 
0.1c 
0.50 
1.oc 
0.01 
0.05 
0.1c 
0.5C 
1.oc 

~- 

.. - 

Extinction 
Parameter 

2 7 w  
1. 53X104 
2. 69X104 
2. 98X104 
4.83X103 
2.21~103 
4.45~103 
1.64~104 
1.11~104 

8.76 x102 

1.20~104 

1.87xJ-03 

2.25~03 
7.25X103 

1. 90X103 
8. %do2 
2.73X103 
7:. 18x10~ 
2.02~104 
3.20~103 

9.64~103 

3.22~103 

1.64~10 
5.94~10~ 
1.88~10~ 
3.18fio3 
1.49~103 

1.25~10~ 
1.54~10~ 
2.46~103 

* 
2.07xlO4 

1.51X10; 

6.34~~3 

1.13xlO3 

Absorption 
Parameter 

ba 
cm2/gm 

1.52~10~ 

1.45~10~ 
1.78~10~ 

2. 17X104 

+E$- 
9.30X103 
4.18~3 

2. 5OX1O2 
2.24X103 
5.12X103 
4.31xl03 
5. 35X102 

5 .69x102 

5.6~03 

5. 25X102 
2.35~lO; 
2.40X10 

4.OOxlO3 
5. 10X102 
2. 28x102 

3.95X103 

4. 90~103 

1.63~103 
3.43~10~ 
3.8~~03 
4.67~10~ 
2.08~10~ 
6.33X103 

7.04~~03 
8..72X102 
3. 71X102 

9.79xl.03 



TABLE I1 
(Cont . ) 

Vanadium 

Symbol 

V 

Wave- 

x 

0.579 3.03  3.51 

%diu s 
R 

P 

0.01 
0.05 
0.10 
0.50 
1 .oo 

___- 

- -__ 

.. ~ 

Extinction 
Parameter 

" 

J%m 

8.32flo3 
2.63flo4 
4.14~104 
6.56~103 
3.06flo3 

~ 
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EFFECT OF RELATIVE  SIZE  PARAMETER ON THE  EXTINCTION 
EFFICIENCY  FACTOR AS REPORTED IN THE  LITERATURE 
AND  COMPARED  WITH  UACRL  MACHINE  CALCULATIONS 

N = 1.29 - 0.0645i 

CURVE  DETERMINED BY UACRL MACHINE  PROGRAM 

FIRST LINE - DATA FROM REF. 12 

NOTE { SECOND LINE - DATA FROM REF. 13 
THIRD  LINE - DATA FROM UACRL MIE THEORY  PROGRAM 

3 

I 

n 
"0 5 IO 15 

SIZE  PARAMETER, c1 2aR - DIMENSIONLESS x 

20 

Figure 1 21 
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VARIATION OF MELTING - AND BOILING - POINT  TEMPERATURE 
OF THE  ELEMENTS WITH  ATOMIC  NUMBER 

NO .RE?ORTED BOILING POINT TEMPERATURE 

DATA  FROM REFS. 15 AND 16 

U 
(3 
W n 

I 

I- 

w 
a 
3 

U 
W a 
5 
W 
I- 

G 

I- z 
2 
I 

(3 z 
=I 
m 0 

n 
a z 

I 

(3 

I? 
z 
W 
I 

6000 

5 000 

4000 

3000 

2 000 

IO00 

0 

I 

c 

w 
U 
3 

a 
W a 
I 
W 
I- 

G 

I- 

2 
z 
I 

(3 z 
2 
m 
0 

n z a 
I 

(3 z 

ATOMIC  NUMBER, Z - DIMENSIONLESS 



EFFECT OF TEMPERATURE ON THE  WEIGHT  PERCENTAGE  OF  POSSIBLE 
SEED  MATERIALS Ih CONDENSED  PHASES 

(2 '10 SEED  BY  WEIGHT IN HYDROGEN  AT 1000 ATM) 

DATA  FROM REF. 14 

NUMBERS IN PARENTHESIS INDICATE  MELTING -POINT TEMPERATURES IN DEG K 

I 

k 
(D 

w d 
ial 
W cn 

L 

i 
a 
W 
0 

W e 

I I I I 1 I I 

4Ooo 5000 6000 7000 8000 9000 l o l m  
TEMPERATUREl T - DEG R 
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EFFECT  OF  WAVELENGTH  ON  THE  REAL  AND  IMAGINARY  PARTS 
OF THE  REFRACTIVE  INDEX OF ALUMINUM 

T = 298 K (536 R ) 
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EFFECT  OF  WAVELENGTH  ON THE REAL AND  IMAGINARY  PARTS 
OF  THE  REFRACTIVE INDEX OF CARBON 

T = 2250 K (4050 R )  N = n - i k  
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IN  THE  MIE  THEORY  CALCULATIONS 

I I 1 

40,000 10,000 5000 
WAVE NUMBER, w - CM" 

2500 



11.11 11.1 1."1."111.1. "-. .. . """- I 

EFFECT OF WAVELENGTH  ON  THE  REAL  AND  IMAGINARY  PARTS 
OF  THE  REFRACTIVE  INDEX OF COBALT 

T- 298 K ( 536 R ) 
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EFFECT OF WAVELENGTH ON THE  REAL AND IMAGINARY 
PARTS OF THE  REFRACTIVE INDEX OF IRIDIUM 

T = 298 K (536 R )  

N = n - i k  

0 - INDICATES  POINTS WHICH WERE OBTAINED  FROM REF. 17 AND WHICH WERE USED 
IN THE MIE THEORY CALCULATIONS 
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EFFECT OF WAVELENGTH ON THE  REAL AND IMAGINARY 
PARTS OF THE  REFRACTIVE INDEX OF MOLYBDENUM 

T = 298K ( 5 3 6 R )  

N = n - i k  
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EFFECT  OF  WAVELENGTH ON THE REAL AND  IMAGINARY  PARTS 
OF THE REFRACTIVE  INDEX OF PALLADIUM 

T = 298 K (53613)  

N = n - i k  
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EFFECT  OF  WAVELENGTH  ON  THE  REAL  AND  IMAGINARY  PARTS 
OF  THE  REFRACTIVE  INDEX OF PLATINUM 

T = 298 K (536 R ) 
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IN THE MIE THEORY CALCULATIONS 
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EFFECT  OF  WAVELENGTH  ON  THE  REAL  AND  IMAGINARY  PARTS 
OF THE  REFRACTIVE INDEX  OF  SILICON 

T = 300 K ( 5 4 0  R 1 

N =  n - i k  

0 -INDICATES POINTS WHICH WERE  OBTAINED  FROM  REFS. 21,22,23 AND WHICH WERE  USED 
IN THE  MIE THEORY CALCULATIONS 

0.10 0.15 0.20 
WAVELENGTH, x - MICRONS 

0.25 

lO~,OoO 
WAVE NUMBER, w - CM“ 

Figure 11 

sd,ooo 40,000 

31 

I 



.EFFECT  OF  WAVELENGTH  ON  THE  REAL  AND  IMAGINARY  PART§ 
OF  THE  REFRACTIVE  INDEX OF TITANIUM 

T = 298 K (536 R )  

N = n - i k  
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IN THE  MIE  THEORY  CALCULATIONS 
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EFFECT  OF  WAVELENGTH  ON THE REAL  AND  IMAGINARY  PARTS 
OF THE REFRACTIVE INDEX OF TUNGSTEN 
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EFFECT  OF  WAVELENGTH ON THE  EXTINCTION 
AND ABSORPTION  PARAMETERS OF SPHERICAL  ALUMINUM  PARTICLES 

T = 298 K (536 R 1 p = 2.70 GM/CM3 
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EFFECT OF WAVELENGTH ON THE  EXTINCTION 
AND ABSORPT'ION  PARAMETERS 

OF SPHERICAL CARBON PARTICLES 

T = 2250  K (4050 R )  p = 2.00 GM/CM3 
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EFFECT OF WAVELENGTH ON THE EXTINCTION 
AND ABSORPTION  PARAMETERS 

OF SPHERICAL COBALT PARTICLES 
T = 298 K ( 536 R 1 p f 8.90 GM/CM3 
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E FFECT OF WAVELENGTH  ON THE EXTINCTION 
AND ABSORPTION PARAMETERS 

OF SPHERICAL IRIDIUM PARTICLES 

T = 298 K (536R)  p = 22.40 GM/CMs 
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EFFECT OF WAVELENGTH ON THE  EXTINCTION' 
AND ABSORPTION  PARAMETERS 

OF SPHERICAL MOLYBDENUM PARTICLES 

T = 298K ( 5 3 6 R )  p = 10.20 GM/CM3 
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EFFECT  OF WAVELENGTH ON THE  EXTINCTION 
AND  ABSORPTION  PARAMETERS OF SPHERICAL 

PALLADIUM  PARTICLES 
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EFFECT OF WAVELENGTH  ON  THE  EXTINCTION 
AND  ABSORPTION  PARAMETERS 

OF SPHERICAL  PLATINUM  PARTICLES 
T = 298 K ( 5 3 6 R )  p = 21.45 GM/CM3 - EXTINCTION  PARAMETER, be  
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EFFECT  OF  WAVELENGTH ON  THE  EXTINCTION  AND  ABSORPTION  PARAMETERS 
OF SPHERICAL  SILICON  PARTICLES 

N' 

u 5 

I 

0 n 

e 
0 

ui- 
W c 
W 
5 
U 
II: 
Qa 
2 

c 0 

IO6 

5 

2 

lo5 

5 

2 

I n4 

T = 300 K ( 5 4 0 R )  P = 2.40 GMKM - EXTINCTION PARAMETER, be - - -ABSORPTION  PARAMETER, b, 

3 

(SCATTERING  PARAMETER, bs = be - b,) 

u " 
E 0.08 0.10 0.12 0.14 0. I6 0. I8 0.20 0.22 0.24 0.26 

W 
X WAVELENGTH, A - MICRONS 

r I I I I I 

125,000 100,000 80,000 60,000 50,oOo 25,000 

WAVE NUMBER, o - CM" 



EFFECT OF WAVELENGTH ON THE  EXTINCTION 
AND ABSORPTION  PARAMETERS OF 
SPHERICAL  TITANIUM  PARTICLES 

T = 298 K ( 536 R ) p = 4.50 GM/CM3 
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EFFECT OF WAVELENGTH  ON  THE EXTINCTION AND  ABSORPTION 
PARAMETERS  OF  SPHERICAL TUNGSTEN PARTICLES 

T =  298 (536R) p = 19.30  GM/CM3 
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EFFECT OF WAVELENGTH  ON THE EXTINCTION 
AND  ABSORPTION  PARAMETERS 

OF SPHERICAL  TUNGSTEN  PARTICLES 
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EFFECT OF WAVELENGTH ON THE  EXTINCTION 
AND ABSORPTION PARAMETERS 

OF SPHERICAL TUNGSTEN  PARTICLES 

T = 1600 K ( 2880 R )  p = 19.30  GM/CM3 
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EFFECT OF RADIUS ON THE  EXTINCTION AND ABSORPTION 
PARAMETERS OF SPHERICAL  ALUMINUM PARTICLES 

T = 298 K (536 R )  p = 2.70 GM/CM3 
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EFFECT OF RADIUS  ON THE EXTINCTION AND  ABSORPTION 
PARAMETERS  OF  SPHERKAL  CARBON PARTICLES 

T = 2250K (4050R) p = 2.00 GM/CM’ 
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EFFECT OF RADIUS  ON THE EXTINCTION AND  ABSORPTION 
PARAMETERS OF SPHERICAL  PLATINUM  PARTICLES 
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EFFECT OF RADIUS ON THE  EXTINCTION AND ABSORPTION 
PARAMETERS OF SPHERICAL  TUNGSTEN  PARTICLES 

T = 298 K (536 R 1 p = 19.30 GM/CM3 
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EFFECT OF  RADIUS  ON THE  EXTINCTION AND ABSORPTI.0N 
PARAMETERS OF SPHERICAL  TUNGSTEN  PARTICLES 
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EFFECT OF RADIUS  ON  THE EXTINCTION AND  ABSORPTION 
PARAMETERS OF SPHERICAL TUNGSTEN  PARTICLES 
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EFFECT OF TEMPERATURE  ON  THE  EXTINCTION  AND 
ABSORPTION  PARAMETERS OF SPHERICAL  TUNGSTEN  PARTICLES 
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EFFECT  OF  MELTING -POINT TEMPERATURE  ON  THE  ABSORPTION 
PARAMETER OF POSSIBLE SEED MATERIALS 
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EFFECT  OF  BOILING-POINT  TEMPERATURE ON THE 
ABSORPTION  PARAMETER  OF  POSSIBLE  SEED MATERIALS 
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EFFECT OF MASS  DENSITY ON THE  ABSORPTION 
PARAMETER OF POSSIBLE  SEED  MATERIALS 
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EFFECT OF ATOMIC  WEIGHT ON  THE  AElSORPTlON 
PARAMETER OF POSSIBLE SEED  MATERIALS 

NASA-Langley, 1965 CR-210 
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